Severe-febrile-illness (SFI) is a common cause of morbidity and mortality across sub-Saharan Africa (SSA). The burden of SFI in SSA is currently unknown and its estimation is fraught with challenges. This is due to a lack of diagnostic capacity for SFI in SSA, and thus a dearth of baseline data on the underlying etiology of SFI cases and scant SFI-specific causativeagent prevalence data. To highlight the public health significance of SFI in SSA, we developed a Bayesian model to quantify the incidence of SFI hospital admissions in SSA. Our estimates indicate a mean population-weighted SFI-inpatient-admission incidence rate of 18.4 (6.8-31.1, 68% CrI) per 1000 people for the year 2014, across all ages within areas of SSA with stable Plasmodium falciparum transmission. We further estimated a total of 16,200,337 (5,993,249-27,321,779, 68% CrI) SFI hospital admissions. This analysis reveals the significant burden of SFI in hospitals in SSA, but also highlights the paucity of pathogen-specific prevalence and incidence data for SFI in SSA. Future improvements in pathogen-specific diagnostics for causative agents of SFI will increase the abundance of SFI-specific prevalence and incidence data, aid future estimations of SFI burden, and enable clinicians to identify SFI-specific pathogens, administer appropriate treatment and management, and facilitate appropriate antibiotic use.
Introduction
Despite being a commonly documented and globally recognized cause of morbidity and mortality in communities worldwide, the global burden of severe febrile illness (SFI) is currently unknown. The inability to measure the contribution of individual fever-inducing pathogens has historically provided a major barrier to producing estimates of global SFI burden [1] . In a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 of patients with SFI, bacteraemia was detected in 10.4% of patients in East Africa, and 12.4% of patients in West Africa [31] . Meanwhile, bacterial sepsis is a leading cause of mortality among febrile patients in LMICs, but blood culture services are not widely available, impeding pathogen-specific diagnoses [32] . A review by Reddy et al. (2010) determined that bacterial bloodstream infections were commonplace among hospitalized adults and children in Africa [33] . Their review confirmed that, among hospitalized patients in some locations, the prevalence of community-acquired bacteraemia surpassed that of malaria parasitaemia [33] .
Severe bacterial infection is also a particular problem in neonates. Bloodstream infection, meningitis, and pneumonia are important contributors to the global burden of disease, accounting for a possible 0.68 million neonatal deaths and about 3% of all disability-adjusted life years (DALYs), a similar burden to that of HIV/AIDS [34] . Most of these DALYs are attributable to deaths because infections are a leading cause of the 2.9 million global neonatal deaths [34] . Despite robust estimates for the individual contributions of specific bacterial infections to the global burden of disease, estimates of the burden of all-cause SFI have yet to be produced.
In addition to providing essential data for robust burden estimates, it has been recognized that having accessible diagnostics is one cornerstone of a strong health care system with the ability to inform patient management in real time and influence long-term public health decision making [35] . Despite significant testing capabilities in high-income countries, diagnostic capacity in LMICs is limited, which hinders the estimation of SFI burden. Often, multiplex diagnostic tests currently on the market i) are restricted to molecular or immunoassay testing; ii) require an upfront blood culture to improve sensitivity (or other upfront unfeasible sampling procedures); iii) are expensive and non-robust; and iv) are comprised of a limited testing menu, unrepresentative of the breadth of pathogens apropos to LMICs. Hence, a number of initiatives have been launched to address this challenge, such as the scoping and preliminary development of rapid multiplex diagnostics requiring a single clinical blood specimen [36] [37] [38] [39] [40] .
While a multitude of studies document the global breadth and diversity of causative agents of SFI, their data do not provide the necessary continuity and consistency required to quantify global or region-specific SFI burden. Thus, in this study, we aimed to quantify the incidence of SFI hospital admissions in SSA by constructing a Bayesian model dependent on a previously approximated SSA-national-level prevalence of community-acquired febrile illness [8] . The results presented herein will provide the first estimates of the burden of SFI amongst inpatient department (IPD) admissions in SSA and will inform the utility and placement of improved fever diagnostic tools for near-patient testing, which, if implemented, would improve data availability for SFI as well as treatment and patient-management strategies and clinical outcomes.
Methods

Hospital IPD-admission data for SFI
To inform our herein described Bayesian model, a dataset of total hospital IPD admissions for SFI in SSA countries was constructed. Data were sought for each SSA country with annual IPD admission reports obtainable through two separate search strategies. First, an initial Google search was conducted using the terms "Ministry of Health", the name of the country, and "malaria". A second round of searches was then performed for each SSA country using context-specific terms (e.g. the official name of the national health or statistics authority and/or the title of country-specific health bulletins or reports). The term "malaria" was included as only geographic areas of SSA countries with stable P. falciparum transmission were incorporated into our model. , from 2006 to 2014 and from 12 SSA countries, 45 annual reports  detailing IPD admissions for all ages (Table 1) . The reports were either annual Ministry of Health (MoH) reports or official annual health statistics presented and released by the relevant national authority for each identified country. Report references are provided in S1 Table. In each report, a primary cause for all IPD admissions was presented thereby allowing the total IPD admissions for clinical presentations that are associated with SFI to be summed and extracted (denoted as "SFI IPD Admissions" in Table 1 ). 'Severity' was defined as admission to an IPD only and was not based on specific severity signs. 'Febrile' was defined as having a recorded primary diagnosis on IPD admission with an illness capable of producing fever and was not based on a body-temperature measurement. To account for health-facility IPD admissions not captured by the respective national Health Management Information System (HMIS) in each SSA country, a reporting completeness adjustment was applied. For 17 reports, the total SFI-IPD cases summed from each report was adjusted according to the report's stated rate of national reporting completeness. For the remaining 28 reports, where reporting completeness was not stated, reporting coverage was imputed from the 2017 WHO World Malaria Report [26] , which documents countries' current and past health system reporting completeness. Finally, to calculate incidence rates for SFI-IPD admissions, each of the 45 reports was matched to contemporaneous population projections generated by the United Nations (UN) [41] .
Search results yielded
National prevalence of community-acquired febrile illness
Next, national-level modeled estimates of community-acquired febrile-illness prevalence amongst children under five years of age were procured from a previous publication [8] and matched to each country-year with an obtained report. These prevalence estimates were produced using a Bayesian hierarchical modeling approach. In this approach, household survey data on the prevalence of fever (amongst children under five years of age in the two weeks preceding each survey) was used in conjunction with remotely-sensed environmental and socioeconomic variables to predict continental-scale cartographic estimates of the prevalence of community-acquired febrile illness for children under five years of age across all geographic locations in SSA with stable P. falciparum transmission at a 5km by 5km spatial resolution [8] .
Although the community-acquired febrile-illness prevalence estimates from the aforementioned publication [8] were restricted to children under five years of age, our Bayesian model described below assumed they were informative of the relative prevalence of communityacquired febrile-illness in individuals of all ages. Specifically, from the procured estimates [8] , the following were extracted and extended to all ages: i) the contemporaneous prevalence of community-acquired febrile-illness for each matched country-year from our 45 obtained reports (Table 1) ; and ii) the 2014 prevalence of community-acquired febrile-illness to generate 2014 estimates of SFI-IPD admissions for all SSA countries within areas of stable P. falciparum transmission, described in detail in the subsequent subsection.
Bayesian model
Our Bayesian model was constructed to estimate the relationship between the incidence of SFI-IPD admissions as determined by the 45 obtained reports, and the underlying prevalence of community-acquired febrile illness as previously approximated [8] . To learn this relationship, the paired observations of incidence of SFI-IPD admissions and matched national-level prevalence of community-acquired febrile illness were applied, for each of the 45 country- Table 1 . List of SSA annual-country-reports of IPD admissions employed for our analyses. For each country-year, contemporaneous population projections from the United Nations [42] were applied to calculate SFI IPD admissions per 1000 population. The prevalence of community-acquired fever (of any severity and any cause) was extracted from Dalrymple et al. [8] . Report reference identification numbers are listed in S1 years, to an assumed linear correlation:
For each country-year, I admission i is the incidence of SFI-IPD admissions (all ages) in countryyear i, and p fev i is the prevalence of community-acquired fever amongst children under five years of age in country-year i. The model was constructed using the Template Model Builder (TMB) package in the R programming language [42] and used a numerical optimization function to learn the gradient (α) and the intercept (β). An additional noise parameter (σ) was learned to generate mock data samples, which were used to obtain credible intervals for the relationship between I admission and p fev .
Using our fitted model in conjunction with 2014 estimates for prevalence of communityacquired febrile illness in all SSA countries, incidence estimates of SFI-IPD admissions amongst individuals of all ages were generated. The total number of SFI-IPD admissions was subsequently calculated by multiplying the estimated incidence rate by the relevant UN contemporaneous population projections [41] . As estimates were only valid for geographic areas with stable P. falciparum transmission, the total number of SFI-IPD admissions was restricted to only stable zones of P. falciparum transmission as defined by the Malaria Atlas Project [43, 44] in SSA countries with intermittent P. falciparum-transmission geography.
Separating SFI-IPD admissions by severe malaria versus other causes
To further refine the interpretation of our findings, SFI-IPD admissions were stratified by 'severe malaria' versus 'other causes'. Uncomplicated malaria was included in 'other causes' of SFI, motivated by the rationale that severe and uncomplicated malaria cases should be segregated, and that often uncomplicated malaria cases are coincident with an undiagnosed NMFI that is the actual underlying cause of the fever [1, 8, 45] . Thus, in the reviewed IPD admission reports, uncomplicated malaria was recorded but this does not necessarily indicate that it was the primary cause of illness and decision for IPD admittance. IPD admission rates for severe malaria were extracted from modeled estimates produced by Camponovo et al. [46] .
Results
The gradient (α) intercept (β), and noise parameter (σ) were optimized, and the final fitted values for each parameter is provided in Table 2 . The final fitted relationship is shown in Fig 1, with the median estimate and 68% and 95% credible intervals overlain with the original 45 reported observations from which the relationship was fitted. The fitted relationship was used Severe-febrile-illness in sub-Saharan Africa to generate 2014 estimates of the incidence and total SFI-IPD admissions for all SSA countries within areas of stable P. falciparum transmission (Table 3) . Fig 2 presents When SFI-IPD admissions due to severe malaria were separated and removed, the 2014 SFI-IPD population-weighted incidence rate, including uncomplicated malaria cases, fell to 16.8 per 1000 people (Fig 3) . A corollary of this was that the 2014 population-weighted incidence rate of severe-malaria-SFI-IPD admissions was 1.4 per 1000 people. Fig 4 maps the 2014 incidence rates of severe-malaria-SFI-IPD admissions for each SSA country, as detailed in Camponovo et al. [46] . Severe-febrile-illness in sub-Saharan Africa Fig 5 presents the proportion of 2014 SFI-IPD admissions that were causally due to illnesses other than severe malaria. Within stable P. falciparum transmission zones of SSA, the 2014 population-weighted proportion of SFI-IPD admissions due to illnesses other than severe malaria (but including uncomplicated malaria) was 84.1%. The SSA countries with the lowest 2014 proportion of SFI-IPD admissions due to illnesses other than severe malaria (but including uncomplicated malaria) were Sierra Leone, Liberia, and Guinea-Bissau (71.5%, 73.0%, and 73.9% respectively) while the SSA countries with the highest 2014 proportion were Ethiopia, Somalia and Mauritania (99.9%, 99.7%, and 99.5% respectively). Estimates of severe malaria SFI-IPD admissions were not available for Equatorial Guinea, South Africa, South Sudan, and eSwatini as the publication by Camponovo et al. did not include estimates for those countries [46] . Thus, as these four countries did not contribute towards continental-SSA population- Severe-febrile-illness in sub-Saharan Africa weighted estimates, comparative analyses of SFI-IPD admissions due to severe malaria versus other causes could not be enumerated.
Discussion
This study quantified the incidence of SFI hospital admissions in SSA with the aim of increasing the understanding of SFI burden in SSA, through estimation of the incidence and total 2014 SFI-IPD admissions for SSA countries within areas of stable P. falciparum transmission. The 2014 mean population-weighted SFI-IPD-admission incidence rate across SSA for all ages was 18.4 (6.8-31.1, 68% CrI) per 1000 people; when SFI-IPD admissions due to severe malaria Estimates for severe malaria IPD admissions were unavailable for Equatorial Guinea, South Africa, South Sudan, and eSwatini, thus these countries were not included in this section of the analysis.
https://doi.org/10.1371/journal.pone.0220371.g003
Severe-febrile-illness in sub-Saharan Africa were separated and removed, the 2014 population-weighted SFI-IPD-admission incidence rate fell to 16.8 per 1000 people, suggesting only 8.7% of SFI-IPD-admissions in SSA in 2014 were due to severe malaria, though its magnitude of variation by country ranged from 28.5% of all SFI-IPD admissions in Sierra Leone to only 0.1% in Ethiopia.
Our estimates suggest that SFI is a significant public health burden in SSA, particularly given that only estimates for IPD admissions are presented, and the community burden of SFI without inpatient care is likely to be significantly higher. Given the limited diagnostic capacity in LMICs for most non-malarial SFI, our study suggests that, among other interventions, clinicians in SSA would benefit from increased diagnostic facilities in order to appropriately treat [46] . Estimates for severe malaria IPD admissions were unavailable for Equatorial Guinea, South Africa, South Sudan, and eSwatini, thus these countries were not included in this section of the analysis.
https://doi.org/10.1371/journal.pone.0220371.g004
Severe-febrile-illness in sub-Saharan Africa infections and have an increased clinical awareness of the high incidence of non-severe-malarial SFI.
Estimates of SFI-IPD admissions in SSA were hitherto unknown and yet are crucial when deciding on new intervention strategies. The findings presented here identify the need for new routine diagnostic tools for SFI, which, in addition to improving patient outcomes, can inform SFI intervention strategies. As well as providing insights into the burden of SFI in hospitals across SSA, this analysis was designed to gauge the addressable market in SSA for potential new diagnostic innovations, such as a multiplex and multianalyte test for multiple pathogens and analyte types [35] . Severe-febrile-illness in sub-Saharan Africa While presenting a unique view of the SFI burden with novel data for SSA, our study had a significant number of limitations. First, it is paramount to emphasize that our Bayesian model was not designed to identify and analyze specific patient-subgroups, such as neonates or those with an advanced HIV infection, who are likely to have an elevated incidence of SFI-IPD admissions compared to a general SFI-patient-population presenting to an IPD in a LMIC. The model did not take into consideration that SSA countries have varying IPD-admission criteria and bed capacity. Hence, a patient with SFI of unknown etiology could be treated in an outpatient department in one location while, in another, treated in an IPD and thereby meet our definition for SFI. In addition, in some locations, some SFI patients requiring IPD admission could be refused admission due to bed-capacity limitations. Therefore, we underscore that our estimates predominantly reflect the number of SFI-IPD admissions and not the incidence of SFI that require an IPD admission. Finally, our modeling approach could not account for seasonal fluctuations in SFI-IPD admissions, which may be programmatically relevant for intervention strategies.
Serving to construct our dataset of total SFI-IPD admissions in SSA countries and subsequently inform our Bayesian model, the 45 obtained MoH annual reports detailing IPD admissions for all ages were available from 2006 to 2014 only, thus our estimates are not necessarily applicable to the present. The 45 included reports were collated from 12 SSA countries only, and therefore not necessarily representative of the other SSA countries they were extrapolated to. Some countries (Burkina Faso, Burundi, Chad, Gambia, Madagascar, Rwanda, and Zimbabwe) provided multiple reports over the study period, so these countries exerted a higher level of influence over the final model fit than countries where only one report was available during the study period. The limited geographical coverage of the included reports contributed towards large levels of uncertainty associated with our estimates, as detailed in Table 3 . Additionally, as not all IPDs report their data to their respective national HMIS, the reported SFI-IPD admissions were extracted from the 45 national reports and adjusted according to the report's stated rate of national reporting completeness, where available (17 reports). For the remaining 28 reports without a stated rate of national reporting completeness, SFI-IPD admissions were adjusted by imputing reporting coverage from an alternative health-system-reporting-completeness source, the 2017 WHO World Malaria Report [26] . Thus, the robustness of these adjustment rates is uncertain.
Reports were also inconsistent in their selection and reporting of illnesses, exemplified by the definitions for severity and fever being dependent on the subjective recordings and decisions of IPD staff and not actual signs of severity or elevated and measured body temperatures. Thus, some SFI in our dataset could have presented without fever as, for example, acute gastroenteritis can result in severe dehydration requiring IPD admission, but fever is often not present, though this condition was recorded as SFI as fever can be present on some occasions. We included all febrile illnesses regardless of their routine method of detection; therefore, researchers using our estimates to guide the development of diagnostics requiring a whole blood sample should be aware that the estimates presented here include SFI from illnesses such as urinary tract infections and other conditions that are usually not accompanied by blood stream invasion, and may not be diagnosable via such tests. Further, our estimates pertain to all SFI-IPD admissions and do not estimate the incidence and number of SFI admissions that are of an unknown source, which researchers using the results presented here should also be cognizant of. This inconsistency in SFI definitions between reports introduced a significant amount of noise into the fitted relationship between community fever prevalence and SFI IPD admissions (Fig 1) , which is reflected in the final uncertainties associated with our estimates (Table 3) .
There was a multitude of caveats with our community-acquired febrile-illness prevalence estimates from our applied source [8] . The reported prevalence estimates were amongst children under 5 years of age only whereas the 45 annual reports detailing IPD admissions were from all ages. As no published scientific studies were available to confirm a commensurate relationship, we assumed that the relative prevalence of community-acquired febrile-illness in children under 5 years of age was applicable to individuals of all ages, whereby an area of high community-acquired febrile-illness prevalence in children will equate to a high prevalence in other age groups. Our predication, if erroneous, would undermine our model's estimations, likely through overestimation. Secondly, the study's household survey data detailed selfreported fevers of any severity over the previous two weeks, which contrasts with the 45 reports that captured individuals who had access to and sought IPD care for their fever-inducing illness. This means that an unknown proportion of non-severe fevers likely not requiring IPD hospitalization contributed an unknown degree of imprecision to our continent-wide incidence estimates. Third, the study was geographically limited to areas of SSA with stable P. falciparum transmission thereby confining our Bayesian hierarchical modeling approach to a commensurate geography.
Our modelling approach did not assess potential confounders of the relationship between SFI-IPD admissions and community-acquired febrile-illness prevalence. Two confounders may lead to the relationship varying between countries: i) the proportion of fevers in the community that become severe, and ii) the proportion of people with SFI that are admitted to inpatient departments. Under the current estimation framework, it was not possible to include information about either of these potential confounders due to lack of available evidence for either across all the countries included in this analysis. For confounder (i), the rate at which fevers become severe is highly dependent on the fever's underlying cause, which is predominantly unknown in community settings, and is was not available at the continuous spatial scale required for inclusion in this analysis. For confounder (ii), the treatment-seeking rate for people of all ages for SFI and the subsequent proportion of people who are then admitted was unknown for each country, and therefore not possible to include. Future analyses may seek to quantify these two confounders to reduce noise between datasets from different countries.
Finally, uncomplicated malaria was included in "other causes" of SFI to segregate severe and uncomplicated malaria cases, with the latter often coincident with an undiagnosed NMFI that is the actual underlying cause of the fever [1, 8, 45] . Thus, separating IPD admissions by severe malaria versus other causes required IPD admission rates to be extracted from modeled estimates produced by Camponovo et al. [46] , a source with their own uncertain modular inputs.
Conclusion
This study represents the first estimates of SFI-IPD admissions in SSA. Despite methodological limitations, our findings represent, to our knowledge, the most robust estimates of SFI-IPD admissions available to date. As aptly asserted by Prasad et al. (2015) [31] , the etiology of many SFIs presenting to IPDs in LMICs remain undiagnosed and thus unknown. This, in turn, may lead to sub-optimal outcomes for patients seeking treatment for SFI. The results presented here highlight again that, in LMICs in SSA and globally, multicenter research is needed to define the major treatable and preventable causes of SFI [3] while efforts to develop, distribute, and sustainably implement multilayered intervention strategies, including reliable routine diagnostics for SFI-causing pathogens and robust data collection mechanisms, should be increased [8] . Our data highlight the enormous scale of the problem, which underlines the need for innovative interventions (i.e. a multiplex multi-analyte diagnostic platform [35] ). It further suggests a strong case for investment from funders and developers alike, with a potentially large impact on reducing morbidity and mortality following programmatic implementation. 
Supporting information
S1
